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SYSTEM AND METHOD FOR AUTOMATED
OVARIAN FOLLICULAR MONITORING

RELATED APPLICATION

This application 1s a national stage filing under 35 U.S.C.
§ 371 of international PCT application, PCT/US2017/
041111, filed Jul. 7, 2017, enftitled “SYSTEM AND
METHOD FOR AUTOMATED OVARIAN FOLLICULAR
MONITORING,” the content of which 1s incorporated

herein by reference in 1ts entirety.

BACKGROUND OF THE INVENTION

Ultrasonography 1s a non-invasive imaging modality of
obstetrics and gynecology [1]. In reproductive medicine,
transvaginal ultrasound examination 1s primarily used for
monitoring follicular growth during ovarian stimulation and
for estimating ovarian reserve [2]. The number and size of
ovarian follicles, number of antral follicles (follicles that are
2-8 mm 1n average diameter) [3], and growth rate of
dominant follicles (follicles that are larger than 10 mm 1n
average diameter) [4] are the primary endpoints of measure-
ment for ovarian follicle monitoring [2]. Ovarnian follicular
monitoring 1s essential for guiding the amount and duration
of medications for ovarian stimulation, ovulation induction
and 1ntrauterine insemination, controlled ovarian hyper-
stimulation for oocyte (egg) retrieval, 1 vitro fertilization
(IVF) and fresh embryo transier, egg donation cycles, and
for women who electively freeze their eggs or embryos for
tuture use. However, there are multiple limiting factors 1n
the ovarian follicular monitoring clinical practice. Perform-
ing ultrasound scans every 2-3 days 1s necessary to optimize
ovarian response, the yield of eggs, and the ultimate success
of an IVF cycle. Since measuring follicles 1s done manually
and requires multiple visits, 1t becomes tremendously 1ncon-
venient given the number of examinations that need to be
done at fertility centers and hospitals [S]. Additionally,
tertility treatment 1s not feasible for some couples who live
in rural areas far away from {fertility centers. Moreover,
ultrasound 1mages analyzed by different technicians or
medical experts can lead to inconsistent results and inter-
pretations [6]. Hence, automated follicular monitoring has
the great potential to maximize pregnancy success of IVF
treatment on a large scale. Despite the climical need for
automated follicular monitoring, fully automated computer-
1zed follicular monitoring has not yet been achieved.

SUMMARY OF THE INVENTION

In some aspects, a principled image processing frame-
work that can facilitate automated ovarian follicular moni-
toring for real-time use in clinical practice and home-based
monitoring 1s provided. Computerized follicle detection 1s
currently either semi-automated or has low performance due
to multiple limiting factors: (1) noise, (2) detecting multiple
follicles very close to each other as one follicle region
without finding the boundary of individual follicles, and (3)
not bemng fast enough to be used 1n real-time climical
practice. To overcome the current limitations, we first com-
bine methods from 1mage processing and linear algebra to
remove noise and reduce redundancy while maintaiming,
significant parts of the ultrasound image. Moreover, to
ensure fully automated follicle detection, we use a highly
innovative adaptive segmentation technique based on vari-
ous features of the image (such as pixel intensity level) and
teatures of the detected follicle areas (such as roundness).
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This approach allows for rapid i1dentification and measure-
ment of mdividual follicles with the ability to differentiate
between the borders of adjacent follicles and the boundary
between the follicle and ovarian stroma.

To overcome the existing limitations, we combine meth-
ods from i1mage processing and linear algebra to remove
noise and reduce redundancy while maintaiming significant
parts of the ultrasound image. Moreover, instead of only
using one segmentation technique, the follicles have been
detected by utilizing various segmentation techniques
depending on features of the image (such as pixel intensity
level) and features of the detected follicle areas (such as
roundness). The hybrid segmentation methods may utilize
three different segmentation techniques: (1) a time-depen-
dent PDE method for automatic detection of interior con-

tours which can locate follicle boundaries 1n presence of
lighter pixels at follicle borders, (2) a gradient flow PDE
approach for handling topological changes ethiciently and
representing complex topology contours that can be applied
to 1images that are not very dark for robust segmentation, (3)
gradient tlow approach for reaching a local minimum (which
represents a segment) that can be used to differentiate
between the borders of adjacent follicles.

Some aspects of the present disclosure include a method
of real-time ovarian follicular detection in a subject, com-
prising obtaining ovarian ultrasound 1mages of the subject’s
ovarian follicles using an ultrasound device, analyzing the
ovarian ultrasound images with a segmentation algorithm to
produce a fully annotated ultrasound image without manual
iput to allow for real-time ovarian follicular detection. In
some embodiments, the subject 1s a human subject. In some
embodiments, the subject 1s of reproductive age. In some
embodiments, the subject 1s undergoing a procedure com-
prising ovarian stimulation, ovulation induction, intrauterine
insemination, controlled ovarian hyperstimulation, oocyte
retrieval, in vitro fertilization, or embryo transfer.

In another embodiment, the fully annotated ultrasound
image includes 1dentification and measurement of individual
follicles and differentiates between the borders of adjacent
follicles.

In other embodiments, the real time detection detects and
measures all ovarian follicles 1n one ultrasound 1mage 1n less
than 30 seconds. In another embodiment, the real time
detection detects and measures all ovarian follicles 1n one
ultrasound 1mage 1n less than seconds.

In some embodiments, the method of obtaining ovarian
ultrasound 1mages 1s performed by the subject remotely. In
another embodiment, the fully annotated ultrasound images
are delivered to a health care provider.

In some embodiments, the algorithm involves analysis of
the ovarian ultrasound 1mages, by at least one processor, by
producing a grayscale intensity image, producing a com-
pressed 1image from the grayscale image, applying an aniso-
tropic diffusion scheme for multiplicative speckle to reduce
the speckle noise of the compressed 1image, rescaling and
thresholding the compressed 1image to obtain a binary mask
image, and performing morphological processing on the
binary mask to obtain a morphologically processed mask. In
some embodiments, the method further comprises labeling
connected components 1 the morphologically processed
mask. In some embodiments, the method further comprises
measuring properties ol the morphologically processed
mask, checking the properties of the labeled image regions
to decide whether the labeled 1mage region should be
labeled as a follicle by considering physical constraints on
some of the properties of the image region and generating a
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final binary mask that only includes 1mage regions that are
labeled as follicles and storing the properties of each of the
labeled follicles.

In other embodiments, the production of the compressed
image 1s performed using singular value decomposition on
the grayscale image to produce the compressed image. In
another embodiment, singular value decomposition 1s per-
formed by calculating an explained variance for all possible
approximation ranks in terms of a ratio of the Frobenius
norm of a k-rank approximation matrix to a Frobenius norm
of a full image matrix, wherein the k-rank approximation
matrix that has the lowest rank among all approximation
matrices that have an explained variance above a threshold
1s selected as a low rank approximation for obtaining the
compressed 1mage.

In another embodiment, anisotropic diffusion scheme 1s
used with adaptive noise estimation over a square window.

In another embodiment, when areas that are close to the
tollicle border are lighter than areas of the follicle further
away Irom the follicle border an active contour method 1s
used to create a second binary mask and wherein the second
binary mask 1s combined with the binary mask image.

In other embodiments, morphological processing includes
image dilation, followed by filling mterior gaps, removing
connected objects on follicle border, eroding the image, and
removing small regions.

In some embodiments, when the ovarian ultrasound
images that are not very dark, the ovarian ultrasound 1mages
and the morphologically processed mask are inputted to a
distance regularized level set evolution formulation, wherein
the morphologically processed mask 1s an initial level set
function to be updated by level set evolution, and wherein
the obtained updated level set function after level set evo-
lution 1s converted to a binary image. In some embodiments,
the level set evolution 1s dernived as a gradient flow that
mimmizes an energy functional with a distance regulariza-
tion term and an external energy that drives motion of a zero
level set toward desired locations.

In other embodiments, the distance regularization term
has a double-well potential function which forces the gra-
dient magnitude of the level set function a minimum point.

In some embodiments the method turther comprises dis-
tance transforming white areas having area threshold prop-
erties 1n the binary image mask using a Chebyshev distance
transform to perform watershed segmentation and produce
an output, wherein the pixels having highest gradient mag-
nitude intensities represent follicle region boundaries and
gradient ol an 1image flows along a path to finally reach a
local mimimum which represents a segment and wherein the
output of the watershed segmentation and the white areas 1n
the binary image mask that are less than the area threshold
properties are combined to generate a watershed segmented
binary image.

In some embodiments, the subject has a reproductive
condition or does not have a reproductive condition or
infertility but 1s seeking elective fertility treatment for
tertility preservation (e.g. oocyte and/or embryo cryopreser-
vation). In other embodiments, the reproductive condition 1s
due to infections, cancer, physical damage, or hormonal
imbalances. In another embodiment, the reproductive con-
dition comprises premature ovarian failure (POF), ovarian
torsion, or polycystic ovarian syndrome (PCOS).

In some embodiments, the subject 1s a non-human animal.
In one embodiment, the non-human animal 1s a companion
amimal. In some embodiments, the companion animal is
selected from the group consisting of dogs, cats, and horses.
In another embodiment, the non-human animal 1s an exotic
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animal. In one embodiment, the exotic animal 1s selected
from the group consisting of elephants, pandas and zebras.

In some embodiments, the method further comprises
measuring serum estrogen, anti-Mullerian hormone, proges-
terone, or testosterone levels 1n the subject. In some embodi-
ments, the ovarian follicles detected have a size range of 2-8
mm. In other embodiments, the ovarian follicles detected
have a size range of 9-22 mm. In some embodiments, the
ultrasound device for obtaining the ovarian ultrasound
images includes a probe and wherein an angle of the probe
with respect to the imaged ovarian follicles 1s measured.

Some aspects of the present disclosure include at least one
computer-readable storage medium storing computer-ex-
ecutable instructions that, when executed, perform a method
for automatic detection of ovarian follicles by analyzing an
ovarian follicular ultrasound 1mage, the method comprising
receiving the ovarian follicular ultrasound 1mage obtained
from a subject; determining, measuring and labeling, by at
least one processor, individual follicles within the ovarian
tollicular ultrasound 1mage, wherein the 1individual follicles
are differentiated from adjacent follicles, wherein the indi-
vidual follicles are determined, measured and labeled by
converting the ovarian follicular ultrasound image to a
grayscale intensity image, compressing the grayscale inten-
sity 1mage using a singular value decomposition to form a
compressed 1mage, reducing speckle noise of the com-
pressed 1mage to produce a reduced noise 1mage, processing
the reduced noise 1image to produce a binary mask 1mage,
performing morphological processing of the binary mask
image to obtain a morphologically processed mask, and
labeling and measuring follicles imaged within the morpho-
logically processed mask to produce a fully annotated ultra-
sound 1mage, and performing automatic detection of ovarian
follicles at least in part by analyzing at least the fully
annotated ultrasound 1mage without manual nput.

In some embodiments, processing of the binary mask
image includes rescaling and thresholding or a supervised
learning step.

In other embodiments, the follicles are labelled in mea-
sured 1mage regions.

Some aspects of the present disclosure include at least one
computer-readable storage medium storing computer-ex-
ecutable 1nstructions that, when executed, perform a method
for automatic detection of ovarian follicles by analyzing an
ovarian follicular ultrasound 1mage, the method comprising
receiving the ovarian follicular ultrasound 1mage obtained
from a subject; determining, measuring and labeling, by at
least one processor, individual follicles within the ovarian
tollicular ultrasound 1mage, wherein the individual follicles
are differentiated from adjacent follicles, wherein the indi-
vidual follicles are determined, measured and labeled by
converting the ovarian follicular ultrasound image to a
grayscale intensity 1image, compressing the grayscale mten-
sity 1mage using a singular value decomposition to form a
compressed 1mage, reducing speckle noise of the com-
pressed 1mage to produce a reduced noise 1mage, processing
the reduced noise 1image to produce a binary mask 1mage,
performing morphological processing on the binary mask
image to obtain a morphologically processed mask, and
labeling and measuring follicles imaged within the morpho-
logically processed mask to produce a fully annotated ultra-
sound 1mage, and performing automatic detection of ovarian
follicles at least in part by analyzing at least the fully
annotated ultrasound image without manual input. In some
embodiments the computer-readable storage medium 1s on a
smartphone, tablet or computer.
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In yet other aspects, the invention 1s an automated folli-
cular detection sonogram system having an imaging sensor
for obtaining an ultrasound 1mage, sequence of ultrasound
images or ultrasound video of an ovary of a subject, at least
one computer-readable storage medium storing computer-
executable instructions that, when executed, perform a
method for automatic detection of ovarian follicles by
analyzing an ultrasound image, sequence of ultrasound
images or ultrasound video, the method comprising: receiv-
ing the ultrasound 1mage, sequence of ultrasound 1mages or
ultrasound video obtained from a subject; determining,
measuring and labeling, by at least one processor, individual
follicles within the ultrasound i1mage, sequence of ultra-
sound 1mages or ultrasound video, wherein the individual
follicles are differentiated from adjacent follicles, wherein
the i1ndividual follicles are determined, measured and
labeled by converting the ultrasound image, sequence of
ultrasound 1mages or ultrasound video to a grayscale inten-
sity 1mage, compressing the grayscale intensity image using
a singular value decomposition to form a compressed 1mage,
reducing speckle noise of the compressed 1image to produce
a reduced noise 1mage, processing the reduced noise image
to produce a binary mask image, performing morphological
processing on the binary mask image to obtain a morpho-
logically processed mask, and labeling and measuring fol-
licles imaged within the morphologically processed mask to
produce a fully annotated ultrasound image, images or
video, and performing automatic detection of ovarian fol-
licles at least 1n part by analyzing at least the tully annotated
ultrasound 1mage, 1mages or video without manual input.

Other aspects of the present disclosure include an auto-
mated follicular detection sonogram system comprising an
imaging sensor for obtaining an ultrasound 1image, sequence
of ultrasound 1mages or ultrasound video of an ovary of a
subject, a storage device for storing the ultrasound image,
sequence of ultrasound 1mages or ultrasound video locally or
remotely, and at least one computer-readable storage
medium storing computer-executable mnstructions that, when
executed, perform automated detection and measurement of
ovarian follicles within the stored ultrasound 1mage,
sequence of ultrasound 1mages or ultrasound video to pro-
duce a fully annotated ultrasound image.

In some embodiments, the system further comprises a
transmitter for transmitting the fully annotated ultrasound
image to a remote device. In some embodiments, the auto-
mated follicular detection sonogram system 1s a home
ultrasound device. In other embodiments, the automated
follicular detection sonogram system 1s portable.

In some embodiments, the 1maging sensor 1s an ultra-
sound device for obtaining the ultrasound images wherein
the device includes a probe. In another embodiment, the
ultrasound device includes a component for measuring and
storing an angle of the probe with respect to each 1mage
captured by the ultrasound device.

In some embodiments, the automated detection and mea-
surement of ovarian follicles within the stored ultrasound
image, sequence of ultrasound 1images or ultrasound video 1s
processed by determining, measuring and labeling indi-
vidual follicles within the ultrasound image, wherein the
individual follicles are differentiated from adjacent follicles,
wherein the individual follicles are determined, measured
and labeled by converting the ultrasound 1mage to a gray-
scale intensity 1mage, compressing the grayscale intensity
image using a singular value decomposition to form a
compressed 1mage, reducing speckle noise of the com-
pressed 1mage to produce a reduced noise image, processing,
the reduced noise 1mage to produce a binary mask image,
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performing morphological processing on the binary mask
image to obtain a morphologically processed mask, and
labeling and measuring follicles imaged within the morpho-
logically processed mask to produce a fully annotated ultra-
sound 1mage.

In another embodiment, the follicles 1n the sequence of

ultrasound 1mages or ultrasound video are tracked using a
Kalman filter.

Each of the limitations of the mvention can encompass
various embodiments of the invention. It 1s, theretore, antici-
pated that each of the limitations of the mnvention imvolving
any one element or combinations of elements can be
included 1n each aspect of the mvention. This invention 1s
not limited in 1ts application to the details of construction
and the arrangement of components set forth 1n the follow-
ing description or illustrated in the drawings. The mvention
1s capable of other embodiments and of being practiced or of
being carried out in various ways.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a flowchart, which summarizes the pres-
ently claimed novel follicle detection algorithm.
FIGS. 2A and 2B depict ultrasound images of Example 1

which show the ultrasound 1mage of the ovary (FIG. 2A) and
the detected follicles (FIG. 2B). The ultrasound image of 2A

was published 1n [10] under CC BY 3.0 license.

FIGS. 3A and 3B depict ultrasound images of Example 2
which show the ultrasound 1mage of the ovary (FIG. 3A) and
the detected follicles (FIG. 3B). The ultrasound image of 3A
was published 1n [10] under CC BY 3.0 license.

FIGS. 4A and 4B depict ultrasound images of Example 3
which show the ultrasound 1mage of the ovary (FIG. 4A) and

the detected follicle (FIG. 4B). The ultrasound image of 4A
was published 1n [10] under CC BY 3.0 license.

FIGS. 5A and 5B depict ultrasound images of Example 4
which show the ultrasound 1mage of the ovary (FIG. SA) and
the detected cyst (FIG. 5B). The ultrasound image of 5A was
published 1n [10] under CC BY 3.0 license.

FIGS. 6A and 6B depict ultrasound images of Example 3
which show the ultrasound image of a polycystic ovary
(FIG. 6A) and the detected follicles (FIG. 6B). The ultra-
sound 1mage of 6 A was published 1n [10] under CC BY 3.0
license.

FIG. 7 1s a schematic of an exemplary system that
performs characterization of an ultrasound 1mage.

FIG. 8 1s a block diagram of an exemplary computer
system on which some embodiments may be implemented.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

In typically medical image processing, first images are
pre-processed and enhanced, then features are extracted and
selected, and finally, images are classified and segmented;
Chatap et al. provides a table with various techniques used
at each step of this process [7]. In 2012, Potocnik et al.
reviewed computerized follicle detection and recognition
algorithms (both 2-D and 3-D) and pointed out that open
challenges 1n this area of research include lack of fully
automated recognition procedures particularly for smaller
follicles and high time complexity that 1s far from real-time
operation [3]. They suggest that an automated follicle rec-
ognition algorithm that would be acceptable in clinical
practice should detect/measure the follicles 1n less than 30
seconds [3]. Moreover, 1n 2015 Rabiu et al. reviewed follicle
detection techniques as well as polycystic ovarian syndrome
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diagnostic systems. They pointed out that the performance
of the reviewed techmques are often low due to two limiting
factors: (1) poor quality of ultrasound i1mages, and (2)
limited features extracted [8]. According to their review, the
approach by Tegnoor [9] that uses Support Vector Machine
(SVM) for classification has the highest follicle detection
rate (98.89%). However, the segmentation technique used in
this study could lead to over-segmentation and False Accep-
tance Rate (FAR) due to limitations in handling intensity
inhomogeneity on the boundary of follicles [8]. Based on the
2013 review by Hiremath et al., SVM and fuzzy logic have
yielded best follicle detection results [10]. In the literature
some follicle detection studies follicular regions versus
non-follicular regions are detected. However, for follicles
that are close to each other while the non-follicular area
between them has an intensity level similar to the follicles,
the entire regions with follicles 1s detected together as one
follicle and the follicles close to each other are not differ-
entiated as distinct and unmique individual follicles. Thus,
computerized follicle detection 1s currently either semi-
automated or has low performance due to limiting factors:
(1) noise, (2) detecting multiple follicles very close to each
other as one follicle region without finding the boundary of
individual follicles, and (3) not being fast enough to be used
in real-time climical practice.

The methods and products of the invention have over-
come a number of these problems associated with prior art
ultrasound analytical techniques. Given that obstetricians
and gynecologists use the information about the number and
s1ze of each follicle, having a segmentation algorithm, such
as those disclosed according to the invention, that detects the
borders of each individual follicle and does not detect two
tollicles as one follicle region will make follicular measure-
ment and momtoring more accurate and consistent.

The tully automated computerized follicle detection sys-
tem of the mvention overcomes these limiting factors and
improves the efliciency and precision of ovarian follicular
monitoring, optimizing response to ovarian stimulation and
pregnancy success. Automated follicular momitoring waill
have the ability to maximize pregnancy success of IVF
treatment on a large scale. Moreover, such a system allows
for remote self-operated monitoring of women using home-
based sonogram devices. Finally, such a system can reduce
the cost of IVFE. The methods of the invention will have a
significant impact on the clinical practice.

A Tollicle detection algorithm that overcomes the current
limitations 1n automatic detection of follicles 1s described
herein. Some of the main contributions of the present
invention include: (1) A novel speckle noise reduction
approach that combines singular value decomposition for
image compression with an anisotropic diffusion scheme for
multiplicative speckle [12] to reduce the speckle noise; (2)
Identification and measurement of individual follicles with
the ability to differentiate between the borders of adjacent
tollicles and the boundary between the follicle and ovarian
stroma (supporting tissue); and (3) Detection of follicles 1n
less than 30 seconds.

First, methods from 1mage processing and linear algebra
were combined to remove noise and reduce redundancy
while maintaining significant parts of the ultrasound 1mage.
Moreover, to ensure fully automated follicle detection, a
highly mnovative hybrid segmentation technique 1s used
based on features of the image (such as pixel intensity level)
and features of the detected follicle areas (such as round-
ness). This approach allows for rapid idenfification and
measurement of individual follicles with the ability to dif-
ferentiate between the borders of adjacent follicles and the
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boundary between the follicle and ovarian stroma. In sum-
mary, the outcome of this invention has significant potential
to shift the current clinical practice to more accurate faster
follicular monitoring at the convenience of the patient’s
home.

Thus, the mnvention 1n some aspects includes a method of
real-time ovarian follicular detection 1n a subject. “Real-
time ovarian follicular detection™ or “real-time detection™ as
used herein refers to the analysis of 1mages at the time the
images are detected. Analysis of the images usually takes
place after the images are captured and stored. In order for
an automated analysis to occur 1n real-time the analysis of
the ultrasound 1mage should occur 30 seconds or less. In
some embodiments of the invention the real time detection
detects and measures all ovarian follicles 1n one ultrasound
image 1n less than or equal to 235, 20, 15, 14, 13, 12, 11, 10,
8, or S5 seconds. In some embodiments of the invention the
real time detection detects and measures all ovarnian follicles
in one ultrasound 1mage 1n less than or equal to 2.1 seconds,
2.3 seconds, 1.3 seconds, 1.6 seconds or 1.8 seconds.

The method 1s performed by obtaining ovarian ultrasound
images of the subject’s ovarian follicles using an ultrasound
device. Ultrasound typically includes a console containing a
computer and electronics, a video display screen and an
imaging sensor or transducer that 1s used to do the scanning.
The imaging sensor 1s a small hand-held device attached to
the scanner by a cord or wireless. The 1imaging sensor sends
out high-frequency sound waves into the body and then
listens for the returning echoes from the tissues in the body.
The ultrasound 1mage 1s generated based on information
generated by the returning echoes. The raw 1mage 1s pro-
cessed as described herein and immediately visible on a
video display screen or monitor and/or stored locally or
transmitted to another site for viewing and/or storage. The
image 1s created based on the amplitude (loudness), fre-
quency (pitch) and time 1t takes for the ultrasound signal to
return from the area within the patient that 1s being examined
to the 1maging sensor, as well as the type of body structure
and composition of body tissue through which the sound
travels. Ultrasound devices are sold by many companies,
including Mobius, which markets portable devices for home
use. The algorithms and methods described herein may be
used on any available device.

The ovarian ultrasound 1mages obtained using the ultra-
sound device are raw 1mages. The methods of the invention
are useful for processing those images to produce a fully
annotated 1mage which can be immediately reviewed to
provide mput on the subject, without the need for further
technical analysis. This process 1s referred to herein as
automated or fully automated because the image 1s analyzed
using the algorithm and methods described herein. Typically
when ultrasound images are obtained using prior art meth-
ods a techmician or health care worker must review and
annotate the 1mage in order to distinguish between close
follicular borders, the presence of false positives such as
cysts and false negatives such as light areas. The algorithm
ol the invention takes 1nto account all of these features 1n a
real-time manner to produce the fully annotated image. A
tully annotated ultrasound 1mage, as used herein 1s an 1mage
in which all of the individual follicles have been 1dentified
as discreet entities, including closely situated follicles.

The methods described herein may be performed with an
algorithm such as a segmentation algorithm. An exemplary
algorithm 1s shown in FIG. 1 and described in more detail
below. In medical image processing, 1mages are first pre-
processed and enhanced, then features are extracted and
selected, and finally, images are classified and segmented. In
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this study, instead of only using one segmentation technique,
follicles were detected by utilizing various segmentation
techniques depending on features of the image (such as pixel
intensity level) and features of the detected follicle areas
(such as roundness). In summary, to handle noise, a singular 5
value decomposition was performed and a low-rank
approximation of the image matrix followed by speckle
reducing anisotropic diflusion was obtained. A binary mask

of the 1mage was created based on lightness of the image.
Moreover, if the image was scanned in a manner such that 10
the areas that are closer to the follicle border are lighter than
the rest of the follicle area, the active contour method was
used and the resulting mask was combined with the binary
mask. Then morphological processing was performed,
which 1s generally done 1n 1mage processing. Then, based on 15
the pixel intensity of the images, 1f the 1images are neither
very dark nor very light, a distance regularized level set
evolution formulation was used. In some ultrasound images,
some follicles are very close to each other and the image
intensity between such follicles 1s very similar to the mten- 20
sity of the follicles, which can lead to detecting multiple
tollicles as one larger follicle area. To differentiate between
the borders of adjacent follicles and the boundary between
the follicle and ovarian stroma, areas detected 1n the level set
binary image that satisly certain properties (that indicate 25
multiple follicles might have been detected as one follicle
area) are distance transformed using a Chebyshev distance
transform to perform watershed segmentation and separate
any connected regions. Then, the properties of the image
regions are measured and the labeled image regions that 30
have properties that match the expected properties of fol-
licles are detected as follicles.

In some embodiments, the ultrasound device for obtaining
the ovarian ultrasound 1mages includes a probe and wherein
an angle of the probe with respect to the imaged ovarian 35
follicles 1s measured.

The advantages of this approach over the conventional
methods include (1) handling the ultrasound image noise,
(2) tully automated recognmition of follicles by differentiating
between the borders of adjacent follicles and the boundary 40
between the follicle and ovarian stroma, (3) fast detection of
follicles (in less than 30 seconds) which can be used 1n
climcal practice, and (4) capturing various features of
images and detected regions 1n 1mages as well as combina-
tion of different segmentation techmques, which result in 45
higher quality segmentations. In the future, follicles will be
automatically detected from a large dataset of ultrasound
images. Since mformation about the number and size of each
tollicle and the interval development of follicles i1s essential
to assisting obstetricians-gynecologists in their clinical deci- 50
sion making, the algorithm described herein has the prom-
1sing potential to be applied in the future to improve the
efliciency, precision, and accuracy of ovarian follicular
monitoring and to optimize response to ovarian stimulation
and pregnancy success following elective fertility treatment. 55

The method of obtaining ovarian ultrasound images may
be performed locally 1n a hospital or clinic. When performed
locally the health care worker may review the fully anno-
tated 1images 1n order to provide feedback or diagnosis of the
subject 1n real-time. Alternatively the images may be stored 60
for later review.

An advantage of the methods and systems of the invention
1s that the ultrasound analysis may be, alternatively, per-
tormed by the subject or by another individual remotely. In
this mstance, the fully annotated ultrasound images may be 65
reviewed and analyzed directly by the user or may be
delivered to a health care provider.

10

In some embodiments, the algorithm involves analysis of
the ovarian ultrasound 1mages, by at least one processor, by
producing a grayscale intensity image, producing a com-
pressed 1mage from the grayscale image, applying an aniso-
tropic diffusion scheme for multiplicative speckle to reduce
the speckle noise of the compressed 1mage, rescaling and
thresholding the compressed 1image to obtain a binary mask
image, and performing morphological processing on the
binary mask to obtain a morphologically processed mask. In
some embodiments, the method further comprises labeling
connected components 1 the morphologically processed
mask. In some embodiments, the method further comprises
measuring properties of the morphologically processed
mask, checking the properties of the labeled 1image regions
to decide whether the labeled image region should be
labeled as a follicle by considering physical constraints on
some of the properties of the image region and generating a
final binary mask that only includes 1image regions that are
labeled as follicles and storing the properties of each of the
labeled follicles.

In another embodiment, the fully annotated ultrasound
image includes 1dentification and measurement of individual
tollicles and differentiates between the borders of adjacent
follicles.

Examples of tools operating in accordance with tech-
niques explained above are described below, but it should be
appreciated that the examples are provided merely for
purposes of illustration and that other implementations are
possible.

A detailed summary of the exemplary automated follicle
detection algorithm shown in FIG. 1 1s presented below.

1.) Inttially steps are taken to reduce noise and redundan-
cies for fast accurate 1image processing. Methods from image
processing and linear algebra were combined to remove
noise and reduce redundancy while maintaiming significant
parts of the ultrasound 1mage. First, using a singular value
decomposition approach from linear algebra, image com-
pression was performed. To do this, the Frobenius-norm-
based explained variance was calculated and the compressed
image was obtained by choosing the lowest rank approxi-
mation matrix with an explained variance above a threshold.
For example, an RGB 1mage may be converted to a gray-
scale intensity 1mage by using the rgb2gray function in
MATLAB R2016a which eliminates the hue and saturation
while maintaining the luminance. Any other method 1n any
programming language for converting an RGB image to a
grayscale intensity image can be used alternatively. Then,
singular value decomposition 1s performed on the grayscale
image. For all possible approximation ranks, the explained
variance 1s calculated 1n terms of the ratio of the Frobenius
norm of the k-rank approximation matrix to the Frobenius
norm of the full image matrix. The k-rank approximation
matrix that has the lowest rank among all the approximation
matrices that have an explained variance above a threshold
1s selected as the low rank approximation for obtaining the
compressed 1mage.

2.) Second, based on an anisotropic diffusion scheme for
multiplicative speckle, the speckle noise resulting from the
head of the ultrasound device not being moist enough was
removed. This approach combines minimum mean squared
error adaptive filtering methods, partial differential equa-
tions (PDE), and image and noise coellicient of variation
estimation. The anisotropic diflusion scheme for multipli-
cative speckle [12] 1s applied to reduce the speckle noise of
the compressed 1mage. In this approach, speckle-reducing
anisotropic diffusion with adaptive noise estimation over a
square window 1s used.
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3.) Next follicle boundaries are located 1n the presence of
lighter pixels at follicle borders. In some ultrasound 1images,
for some {follicles, the areas that are closer to the follicle
border are lighter than the rest of the follicle area and when
the grayscale image 1s converted to a binary image, lighter
areas of the follicle are not captured as a part of the follicle.
To handle such images 1n the segmentation algorithm of the
invention, an active contour method was utilized. Active
contour without edges, which 1s based on curve evolution
techniques and can detect objects without depending on the
gradient of the image was employed. This approach 1s a
time-dependent PDE approach 1in which the energy 1s mini-
mized 11 the curve 1s on the boundary of the object. This
method allows for automatic detection of interior contours
independently of the location of the initial curve i the
image, and can successiully locate follicle boundaries 1n
presence of lighter pixels at follicle borders.

4. A bimmary mask was obtained by rescaling and thresh-
olding the image. In some ultrasound 1mages, for some
follicles, the areas that are closer to the follicle border are
lighter than the rest of the follicle areca and when the
grayscale image 1s converted to a binary image, lighter areas
of the follicle are not captured as a part of the follicle. If the
percentage of the very dark pixels 1n a compressed 1mage 1s
very low, the active contour method [13] 1s used to create a
new binary mask. Then, this new binary mask 1s combined
with the binary image obtained in the previous step.

5.) Morphological processing 1s performed on the binary
mask to obtain the morphologically processed mask. Mor-
phological processing includes image dilation, followed by
filling interior gaps, removing connected objects on the
border, eroding the image, and removing small regions.

6.) Next accurate, robust, and computationally ethcient
segmentation was performed. To speed up curve evolution
tor follicle detection while maintaining numerical accuracy,
a distance regularized level set evolution approach was
utilized. The level set evolution equation for the curve
evolution equation 1s defined by a PDE and 1s derived as a
gradient flow that minimizes an energy functional with a
distance regularization term defined with a double-well
potential function such that 1t forces the gradient magnitude
of the level set function to one of 1ts mimmum points. This
approach can handle topological changes efliciently and
represent complex topology contours. In the disclosed algo-
rithm, this approach 1s applied to images that satisiy the
required pixel intensity condition and 1s not implemented on
ultrasound 1mages with very dark background. Thus, for
images that are not very dark, the RGB image and the
morphologically processed mask are then inputted to a
distance regularized level set evolution formulation [14]
where the morphologically processed mask 1s the initial
level set function to be updated by level set evolution. In this
tormulation, the level set evolution 1s derived as the gradient
flow that minimizes an energy functional with a distance
regularization term and an external energy that drives the
motion of the zero level set toward desired locations [14].
The distance regularization term 1s defined with a double-
well potential function such that it forces the gradient
magnitude of the level set function to one of its minimum
points [14]. The obtained updated level set function after
level set evolution 1s converted to a binary 1image.

7.) Steps may be taken differentiate between the borders
of adjacent follicles. In some ultrasound 1mages, some
tollicles are very close to each other and the image intensity
between such follicles 1s very similar to the intensity of the
tollicles, which can lead to detecting multiple follicles as
one larger follicle area. To ensure multiple follicles are not
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detected as one larger follicle area, the white areas in the
binary image that satisty certain properties (e.g. are larger
than an area threshold, or have a roundness lower than a
threshold) are distance transformed using a Chebyshev
distance transform [15] to perform watershed segmentation
[16] where the pixels having the highest gradient magnitude
intensities represent the region boundaries and gradient of an
image flows along a path to finally reach a local minimum
which represents a segment. Then, by combining the output
of the watershed segmentation and the white areas in the
binary image that are smaller than the area threshold, a
watershed segmented binary image 1s generated.

8.) The connected components in binary image are
labeled.

9.) The properties of the image regions may be measured
by using the region props function in MATLAB R2016a and
taking the labeled image and the grayscale image. Any other
method 1n any programming language for measuring the
properties of the image regions can be used alternatively.

10.) Various properties of the labeled image regions are
checked to decide whether the labeled 1image region should
be labeled as a follicle. This 1s done by considering con-
straints (lower and/or upper bounds) on some of the prop-
erties of the 1mage region. For example, the centroid of
follicles are not expected to be found at the upper corner of
the ultrasound image. This can also be done by using
classification approaches on various properties ol 1mage
regions.

11.) A final binary mask that only includes the image
regions that are labeled as follicles 1s created and the
properties ol each of these follicles are stored.

Accurate and consistent ovarian follicular monitoring is
essential to guiding high quality clinical management 1n
reproductive medicine 1n patients planning or undergoing
clective fertility treatment. Automated follicular monitoring
1s desired as: (1) Measuring follicles manually becomes
tremendously inconvenient for a high number of examina-
tions. (2) Ultrasound images analyzed by different experts
can lead to different results. The main challenges in auto-
mated follicle detection include: (1) poor quality of images
due to speckle noise, (2) lack of fully automated recognition
procedures particularly for smaller follicles as well as fol-
licles that are close to each other, and (3) high time com-
plexity of existing algorithms.

The system for automated follicle may be tracked 1in
ultrasound 1mage sequences and videos. Follicles may be
tracked through a sequence of images by using a Kalman
filter. When ultrasound videos of ovaries are used, the
frames 1 the video may be processed as a sequence of
images and the follicles tracked using a Kalman filter. To do
this, first for each image a final binary mask 1s created,
which will be followed by detecting follicles and obtaining
their properties using the follicle detection algorithm. Then,
follicle tracking 1s done through the sequence of 1mages;
follicles (groups of connected pixels) detected 1n the final
binary mask of each image in the sequence of 1mages are
tracked using a Kalman filter, and the track’s location in
cach 1mage sequence 1s predicted. Moreover, the likelihood
of assignment of each of these detections to each track is
determined. In any given image ol the sequence, some of
these detections will be assigned to tracks, whereas other
detections and tracks continue to be unassigned. Using the
matching detections, the assigned tracks will be updated,
and 11 tracks are unassigned, they will be marked 1nvisible
and a new track will start. Each track will count the number
ol consecutive 1mages where 1t continues to be unassigned,
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and 11 the count 1s higher than a threshold, 1t will be assumed
that the follicle left the field of view.

The system of the mvention may be an application that
automatically detects follicles for clinical practice. Accurate
and consistent ovarian follicular monitoring 1s essential to
guiding high quality clinical management 1n reproductive
medicine 1n patients planning or undergoing elective fertility
treatment. The 1mage processing framework may be imple-
mented 1n the form of a smartphone application which may
be used by doctors and medical professionals as an aid to
climical practice. This application can also be used as an aid
in teaching 1maging in obstetrics and gynecology. Using a
home-based ultrasound device, subjects or patients can
obtain ultrasound 1mages of their ovaries, and input the
images to the smartphone application. The smartphone
application detects the follicles and measures the number
and size of these detected follicles and can send the results
to the doctor. This allows for accessible follicular monitor-
ing in the convenience of the patient’s home. Similarly, this
application can be used at a fertility clinic to increase the
accuracy of follicular monitoring as well as the gynecolo-
gists’ efliciency.

FIG. 7 illustrates an exemplary embodiment of a system
100 for analyzing an ultrasound image. The system 100
includes an 1imaging sensor 104 that collects images from a
subject 102 1n a data receiving device 106 and 1s a compo-
nent of and/or 1n communication with computing device 116
that functions to analyze the ultrasound image (i.e. ovarian
tollicular analyzer). Using techniques described herein, the
system 100 may analyze an image of the imaging sensor 104
to produce an annotated image 118.

As shown in the example of FIG. 1, characterization
system 114 includes computing device 116 for analyzing the
image and producing annotated image 118. The computing
device 116 receives data regarding a user mput from the
device 106. In some embodiments, computing device 116
may receive that data in the form of a raw 1image 108.

Characterization system 114 may be implemented 1n any
suitable form. While characterization system 114 1s 1llus-
trated 1n FIG. 1 as a separate computing device 116 from
data receiving device 106, 1t should be appreciated that one
or more components of the characterization system 114 may
be part of data receiving device 106, computing device 116
and/or part of one or more other computing devices. In some
embodiments, for example, the characterization system 114
may be implemented as a single stand-alone machine, or
may be implemented by multiple distributed machines that
share processing tasks 1n any suitable manner, that is/are
separate from the computing device 116 and/or data receiv-
ing device 106 operated by the subject or user 102. The
characterization system 114 may be implemented as one or
more computers; an example of a suitable computer i1s
described below. In some embodiments, the characterization
system 114 may include one or more tangible, non-transitory
computer-readable storage devices storing processor-ex-
ecutable 1nstructions, and one or more processors that
execute the processor-executable instructions to perform
functions described herein. The storage devices may be
implemented as computer-readable storage media (i.e., tan-
gible, non-transitory computer-readable media) encoded
with the processor-executable mnstructions; examples of suit-
able computer-readable storage media are discussed below.

Each of the processing components of the characterization
system 114, including analyzer 116 may be implemented 1n
software, hardware, or a combination of software and hard-
ware. Components implemented in soitware may comprise
sets ol processor-executable instructions that may be
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executed by the one or more processors of the characteriza-
tion system 114 to perform the functionality described
herein. Each of the computing device 116 and image other
data analyzers may be implemented as a separate component
of the characterization system 114 (e.g., implemented by
hardware and/or soitware code that 1s independent and
performs dedicated functions of the component), or any
combination of these components may be integrated into a
single component or a set of distributed components (e.g.,
hardware and/or software code that performs two or more of
the functions described herein may be integrated, the per-
formance of shared code may be distributed among two or
more hardware modules, etc.). In addition, any one of the
analyzers or computing devices may be implemented as a set
of multiple software and/or hardware components.

The annotated 1mage 118 produced by the analyzer 1n the
computing device 116 may be stored locally as a component
of the system, and/or transmitted to a remote system for
storage and/or displayed locally on a monitor 120.

A system 1n accordance with the techniques described
herein may take any suitable form, as embodiments are not
limited 1n this respect. An illustrative implementation of a
computer system 900 that may be used 1n connection with
some embodiments 1s shown i FIG. 8. One or more
computer systems such as computer system 900 may be used
to implement any of the functionality described above. The
computer system 900 may include one or more processors
910 and one or more computer-readable storage media (1.e.,
tangible, non-transitory computer-readable media), e.g.,
volatile storage 920 and one or more non-volatile storage
media 930, which may be formed of any suitable data
storage media. The processor 910 may control writing data
to and reading data from the volatile storage 920 and the
non-volatile storage device 930 1n any suitable manner, as
embodiments are not limited 1n this respect. To perform any
of the functionality described herein, the processor 910 may
execute one or more instructions stored 1n one or more
computer-readable storage media (e.g., volatile storage 920
and/or non-volatile storage 930), which may serve as tan-
gible, non-transitory computer-readable media storing
instructions for execution by the processor 910.

The above-described embodiments can be implemented
in any ol numerous ways. For example, the embodiments
may be implemented using hardware, software or a combi-
nation therecol. When implemented 1n soitware, the software
code can be executed on any suitable processor or collection
of processors, whether provided 1 a single computer or
distributed among multiple computers. It should be appre-
ciated that any component or collection of components that
perform the functions described above can be generically
considered as one or more controllers that control the
above-discussed functions. The one or more controllers can
be implemented in numerous ways, such as with dedicated
hardware, or with general purpose hardware (e.g., one or
more processors) that 1s programmed using microcode or
soltware to perform the functions recited above.

In this respect, 1t should be appreciated that one 1mple-
mentation comprises at least one computer-readable storage
medium (1.e., at least one tangible, non-transitory computer-
readable medium), such as a computer memory (e.g., hard
drive, tflash memory, processor working memory, etc.), a

floppy disk, an optical disk, a magnetic tape, or other
tangible, non-transitory computer-readable medium,
encoded with a computer program (1.e., a plurality of
instructions), which, when executed on one or more proces-
sors, performs above-discussed functions. The computer-
readable storage medium can be transportable such that the
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program stored thereon can be loaded onto any computer
resource to implement techniques discussed herein. In addi-
tion, 1t should be appreciated that the reference to a com-
puter program which, when executed, performs above-
discussed functions, 1s not limited to an application program
running on a host computer. Rather, the term “computer
program” 1s used herein in a generic sense to reference any
type of computer code (e.g., software or microcode) that can
be employed to program one or more processors to 1mple-
ment above-techniques.

The phraseology and terminology used herein 1s for the
purpose of description and should not be regarded as lim-
iting. The use of “including,” “comprising,” “having,” “con-
taining,” “involving,” and vanations thereof, 1s meant to
encompass the items listed thereafter and additional items.
Use of ordinal terms such as “first,” “second,” “third,” etc.,
in the claims to modily a claim element does not by 1tself
connote any priority, precedence, or order of one claim
clement over another or the temporal order 1n which acts of
a method are performed. Ordinal terms are used merely as
labels to distinguish one claim element having a certain
name from another element having a same name (but for use
of the ordinal term), to distinguish the claim elements.

Ovarian follicle monitoring has a number of primary
measurement endpoints. In reproductive medicine, trans-
vaginal ultrasound examination 1s primarily used for moni-
toring follicular growth during ovarian stimulation and for
estimating ovarian reserve. The number and size of ovarian
follicles, number of antral follicles (1.e. follicles that are 2-8
mm 1n average diameter), and growth rate of dominant
follicles (1.e. follicles that are larger than 10 mm 1n average
diameter) are the primary endpoints of measurement for
ovarian follicle monitoring. Ovarian follicular momitoring 1s
essential for guiding the amount and duration of medications
for ovarian stimulation for ovulation induction and intra-
uterine insemination, controlled ovarian hyperstimulation
for oocyte (egg) retrieval for in vitro fertilization (IVF),
fresh embryo transier, egg donation cycles, and for women
who electively freeze their eggs or embryos for future use.
Since measuring follicles 1s done manually and requires
multiple visits, measuring follicles becomes tremendously
inconvenient given the number of examinations that need to
be done at fertility centers and hospitals. Moreover, ultra-
sound 1images analyzed by different technicians or medical
experts can lead to inconsistent results and interpretations.
Hence, the automated follicular monitoring of the mnvention
has the great potential to maximize pregnancy success of
IVF treatment on a large scale. Despite the clinical need for
automated follicular monitoring, fully automated computer-
1zed follicular monitoring has not yet been achieved.

Thus, the invention 1s useful in some aspects for detecting,
changes 1n a person’s body 1n order to collect information
regarding a variety of conditions that may exist in the
person, including ovarian dysfunction, normal or abnormal
changes, cyclical or random within a body tissue. This type
of information can be useful, for instance, alone or in
combination with other detection/diagnostic methods to aid
in diagnosing a condition, identifying early stages of dis-
case, detecting changes 1 a condition influenced by envi-
ronmental factors such as medicine or therapy, or detecting,
bodily changes to enhance fertility procedures.

Detection of disease associated with ovaries, ovarian
tollicles or other gynecological tissue 1s an important utility
of the methods and devices of the mvention. In some
embodiments, the subject 1s undergoing a procedure com-
prising ovarian stimulation, ovulation induction, intrauterine
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insemination, controlled ovarian hyperstimulation, oocyte
retrieval, in vitro fertilization, or embryo transfer.

In some embodiments, the subject has a reproductive
condition or does not have a reproductive condition or
infertility but 1s seeking elective fertility treatment for
tertility preservation (e.g. oocyte and/or embryo cryopreser-
vation). In other embodiments, the reproductive condition 1s
due to infections, cancer, physical damage, or hormonal
imbalances. In another embodiment, the reproductive con-
dition comprises premature ovarian failure (POF), ovarian
torsion, or polycystic ovarian syndrome (PCOS).

The methods and devices described herein can be used to
detect properties associated with these disorders, often 1n
carlier stages than the diseases can be detected by other
methods. IT a disease 1s detected using the methods of the
invention, the presence of the disease or other properties
such as the subtype or stage or degree of the disease can be
further assessed by alternative methods known in the art.
Alternatively 1f a disease 1s detected using other methodol-
ogy 1t may be verified or further characterized using the
methods of the mnvention. A number of properties associated
with these diseases are well known 1n the art and may be
used for further characterization.

The methods and devices described herein may also be
used to assess the eflectiveness of a therapeutic agent or
putative therapeutic agent, by detecting changes in the
disease state or progression. The methods and devices may
also be used for evaluating or monitoring the state of the
disease. The terms “assessing”’, “determining”’, “evaluat-
ing”, “assaying”’ are used interchangeably herein to refer to
any form of detection or measurement of a change, and
include determining whether a change in degree of disease
or condition, etc., 1s present or not. The result of an assess-
ment may be expressed in qualitative and/or quantitative
terms. Assessing may be relative or absolute.

Additionally, different people react diflerently to different
therapeutic treatments. The methods and devices of the
invention may be used to monitor an individual patients
reaction to a particular therapeutic. Detecting, for instance
changes 1n ovarnan follicles.

In some embodiments, the subject 1s a human subject. The
methods described herein are beneficial more analyzing
images of a human body for many different purposes. For
instance, any female subject requiring real-time ultrasound
monitoring of ovaries 1n a clinical or remote setting, such as
a home will benefit from the methods of the invention. The
methods are useful for enhancing 1n vitro fertilization treat-
ments, egg donors, fertility preservation treatment, etc.
Thus, 1n some embodiments, the subject 1s of reproductive
age and/or undergoing therapy to enhance reproduction.

In some embodiments, the subject 1s a non-human amimal.
The methods described herein are usetul for assisting mam-
mals with reproductive problems that require veterinary
follicle monitoring for breeding management. Examples
include but are not limited to sheep, horses, goats, cows,
dogs, cats etc. In one embodiment, the non-human animal 1s
a companion animal. Additionally, the methods and products
described herein are useful for enhancing veterinary fertility
therapy on endangered animals such as wild rare endangered
mammals that require vetermmary follicle monitoring for
tertility preservations. For instance, elephants are trained
from blood draws and ultrasound assessments and are used
in veterinary assisted reproductive technologies as models
for breeding management. Also pandas and dogs have been
shown to respond successtully to 1n vitro fertilization tech-
niques.

e
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In some embodiments, the method further comprises
measuring serum estrogen, anti-Mullerian hormone, proges-
terone, or testosterone levels 1 the subject. The combination
of multiple diagnostic criteria can enhance the analysis of
current status of the subject’s body.

Having thus described several aspects of at least one
embodiment of this ivention, 1t 1s to be appreciated that
various alterations, modifications, and improvements will
readily occur to those skilled 1n the art.

Such alterations, modifications, and 1mprovements are
intended to be part of this disclosure, and are intended to be
within the spirit and scope of the invention. Further, though
advantages of the present invention are indicated, 1t should
be appreciated that not every embodiment of the invention
will include every described advantage. Some embodiments
may not implement any features described as advantageous
herein and 1 some instances. Accordingly, the foregoing
description and drawings are by way of example only.

EXAMPLES

In various examples, it 1s 1llustrated that the methods,
devices and algorithm described herein can successiully

detect the follicles and outperform the conventional meth-
ods.

Methods

The methods use a rigorous 1mage processing framework
(FIG. 1) that overcomes the current limiting factors in
real-time follicular monitoring. The framework was applied
to ultrasound 1mages of ovaries and successiully detected
the follicles and outperformed the conventional methods
(FIGS. 2-6) by overcoming the existing limiting factors in
automated follicle detection. The 1mages were mputted to
the follicle detection algorithm in FIG. 1 and the algorithm
detected the follicles as shown in FIGS. 2-6 automatically
without any human input. The follicle detection algorithm
shown 1n FIG. 1 as a flowchart allows for rapid 1dentification
of follicles while reducing the effect of noise and differen-
tiating between the borders of adjacent follicles and the
boundary between the follicle and ovarian stroma. Each step
in the algorithm 1s not essential for the practice of the
invention. The algorithm 1s exemplary.

Ultrasound Images

The ultrasound 1mages used 1n this study were obtained
from 1mages published i [10] under CC BY 3.0 license.
These 1mages were mputted to the novel follicle detection
algorithm of the invention as described herein to obtain the
properties of follicles (such as their size, shape, and count)
without requiring a technician or medical expert to detect or
measure the follicles.

The data discussed below demonstrate that the methods
and devices of the mnvention can successiully detect follicles
in real-time using ultrasound i1mages of ovaries and a
reproducible computationally eflicient quantitative image
processing framework. The ultrasound 1images analyzed in
these examples were compressed i1mages obtained from
images published online under CC BY 3.0 license. Digital
Imaging and Communications in Medicine (DICOM) ultra-
sound 1mages may also be examined. In order to apply the
methods to DICOM 1mages 1n a fast fully automated man-
ner, the DICOM 1mages may first be compressed such that
they have similar complexity as the compressed 1mages
online. In order to reduce the complexity of the image,
lossless (reversible) 1mage compression techniques may be
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implemented (for example, by considering wavelet trans-
form techniques) and then the compressed image may be
inputted into the algorithm.

Example 1

In some ultrasound 1mages, for some follicles, the areas
that are closer to the follicle border are lighter than the rest
of the follicle area. This can lead to not capturing the lighter
areas of the follicle area as a part of the follicle. FIG. 2A 1s
an example of such an ultrasound image. The 1mage shown
in FIG. 2A was processed using the analytical methods of
the mnvention to produce an annotated ultrasound image,
shown 1n FIG. 2B. FIG. 2B illustrates that this algorithm can
successiully detect the entire follicle area (including the
lighter areas of the follicle) (as opposed to not capturing the
lighter areas of the follicle). Follicle detection was done 1n
2.1 seconds for this example.

Example 2

In some ultrasound images, for some follicles that are
close to each other, the non-follicular area (ovarian stroma
or tissue) between them might have an intensity level similar
to the follicles, which can lead to detecting the entire region
with follicles as one follicle region 1nstead of identifying the
individual follicles. FIG. 3A 1s an example of such an
ultrasound 1mage. The 1image shown 1 FIG. 3A was pro-
cessed using the analytical methods of the invention to
produce an annotated ultrasound 1mage, shown 1n FIG. 3B.
FIG. 3B illustrates that this algorithm can successiully
detect individual follicles by differentiating between the

borders of adjacent follicles and the boundary between the
follicle and ovarian stroma. This was achieved 1n 2.3 sec-
onds.

Example 3

In some ultrasound 1mages, the follicles are captured by
lighter pixels compared to the usual ultrasound 1images. FIG.
4A 1s an example of such an ultrasound 1mage. The image
shown 1n FIG. 4A was processed using the analytical meth-
ods of the invention to produce an annotated ultrasound
image, shown in FIG. 4B. FIG. 4B illustrates that this
algorithm can successtully detect the follicle 1n such 1mages.
This was achieved 1n 2.3 seconds.

Example 4

FIG. 5A 1s an example of an ultrasound image of a cystic
ovary [10]. The image shown 1in FIG. 5A was processed
using the analytical methods of the invention to produce an
annotated ultrasound image, shown in FIG. 5B. FIG. 5B
illustrates that this algorithm can successiully detect the
large physiologic cyst which 1s not a follicle. This detection
was achieved 1n 1.6 seconds.

Example 5

FIG. 6 A 1s an example of an ultrasound 1image of an ovary
with polycystic ovarian morphology (multiple peripherally
distributed follicles with a central stromal prominence) 1n a
patient with polycystic ovarian syndrome [17]. The image
shown 1n FIG. 6 A was processed using the analytical meth-
ods of the invention to produce an annotated ultrasound
image, shown in FIG. 6B. FIG. 6B illustrates that this
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algorithm can successtully detect the follicles 1n this subset
of patients. For this example, the runtime was 1.8 seconds.
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The foregoing written specification 1s considered to be
suilicient to enable one skilled 1n the art to practice the
invention. The present mvention 1s not limited 1n scope by
the examples provided, since the examples are intended as
illustrations of various aspect of the mvention and other
functionally equivalent embodiments are within the scope of
the invention. Various modifications of the invention in
addition to those shown and described herein will become
apparent to those skilled in the art from the foregoing
description and fall within the scope of the appended claims.
The advantages and objects of the invention are not neces-
sarily encompassed by each embodiment of the mmvention.

All references, patents and patent publications that are
recited 1n this application are incorporated in their entirety
herein by reference.

The mnvention claimed 1s:

1. A method of real-time ovarian follicular detection 1n a
subject, comprising;:

a) obtaining ovarian ultrasound images of the subject’s

ovarian follicles using an ultrasound device,

b) analyzing the ovarian ultrasound images with a seg-
mentation algorithm to produce a fully annotated ultra-
sound 1mage without manual input to allow for real-
time ovarian {follicular detection whereimn the
segmentation algorithm comprises hybrid segmenta-
tion methods comprising (1) a time-dependent partial
differential equations (PDE) method for automatic
detection of interior contours for locating follicle
boundaries 1n presence of lighter pixels at follicle
borders, (2) a gradient tflow PDE approach for detecting
topological changes, and (3) gradient flow approach for
reaching a local mimimum to differentiate between the
borders of adjacent follicles.

2. The method of claim 1, wherein the subject 1s a human

subject.

3. The method of claim 2, wherein the subject i1s of
reproductive age.

4. The method of claim 2, wherein the subject 1s under-
going a procedure comprising ovarian stimulation, ovulation
induction, intrauterine insemination, controlled ovarian
hyperstimulation, oocyte retrieval, 1n vitro fertilization, or
embryo transier.

5. The method of claim 1, wherein the fully annotated
ultrasound 1mage includes identification and measurement
of individual follicles and differentiates between the borders
of adjacent follicles.

6. The method of claim 1, wherein the real time detection
detects and measures all ovarian follicles 1 one ultrasound
image 1n less than 30 seconds.

7. The method of claim 1, wherein the real time detection
detects and measures all ovarian follicles i one ultrasound
image 1n less than 10 seconds.

8. The method of claim 1, wherein the method of obtain-
ing ovarian ultrasound images 1s performed by the subject
remotely.

9. The method of claim 8, wherein the fully annotated
ultrasound 1mages are delivered to a health care provider.

10. The method of claim 1, wherein the segmentation
algorithm 1nvolves analysis of the ovanan ultrasound
1mages, by at least one processor, by producing a grayscale
intensity 1mage, producing a compressed 1mage from the
grayscale 1image, applying an anisotropic diffusion scheme
for multiplicative speckle to reduce the speckle noise of the
compressed 1mage, rescaling and thresholding the com-
pressed 1mage to obtain a binary mask image, and perform-
ing morphological processing on the binary mask to obtain
a morphologically processed mask.
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11. The method of claim 10, further comprising labeling
connected components 1n the morphologically processed
mask.

12. The method of claim 11, further comprising, measur-
ing properties ol the morphologically processed mask,
checking the properties of the labeled image regions to
decide whether the labeled image region should be labeled
as a follicle by considering physical constraints on some of
the properties of the image region and generating a final
binary mask that only includes image regions that are
labeled as follicles and storing the properties of each of the
labeled follicles.

13. The method of claim 10, wherein the production of the
compressed 1mage 1s performed using singular value decom-
position on the grayscale image to produce the compressed
1mage.

14. A method of real-time ovarian follicular detection 1n
a subject, comprising:

a) obtaining ovarian ultrasound images of the subject’s

ovarian follicles using an ultrasound device,

b) analyzing the ovarian ultrasound images with a seg-
mentation algorithm to produce a fully annotated ultra-
sound 1mage without manual mput to allow for real-
time ovarian follicular detection, wherein the algorithm
involves analysis of the ovarian ultrasound images, by
at least one processor, by producing a grayscale inten-
sity 1mage, producing a compressed image from the
grayscale i1mage, applying an amsotropic diffusion
scheme for multiplicative speckle to reduce the speckle
noise of the compressed 1image, rescaling and thresh-
olding the compressed 1image to obtain a binary mask
image, and performing morphological processing on
the binary mask to obtain a morphologically processed
mask, wherein the production of the compressed 1image
1s performed using singular value decomposition on the
grayscale 1image to produce the compressed image,
wherein singular value decomposition 1s performed by
calculating an explained variance for all possible
approximation ranks in terms of a ratio of the Frobenius
norm of a k-rank approximation matrix to a Frobenius
norm of a full image matrix, wherein the k-rank
approximation matrix that has the lowest rank among
all approximation matrices that have an explained
variance above a threshold 1s selected as a low rank
approximation for obtaiming the compressed image.

15. The method of claim 10, wherein anisotropic diffusion
scheme 15 used with adaptive noise estimation over a square
window.

16. A method of real-time ovarian follicular detection 1n
a subject, comprising:

a) obtaining ovarian ultrasound images of the subject’s

ovarian follicles using an ultrasound device,

b) analyzing the ovarian ultrasound images with a seg-
mentation algorithm to produce a fully annotated ultra-
sound 1mage without manual input to allow for real-
time ovarian follicular detection, wherein the algorithm
involves analysis of the ovarian ultrasound 1mages, by
at least one processor, by producing a grayscale inten-
sity 1mage, producing a compressed 1mage from the
grayscale 1mage, applying an amsotropic diffusion
scheme for multiplicative speckle to reduce the speckle
noise of the compressed 1image, rescaling and thresh-
olding the compressed

image to obtain a binary mask image, and performing
morphological processing on the binary mask to obtain
a morphologically processed mask, wherein when areas
that are close to the follicle border are lighter than areas
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of the follicle turther away from the follicle border an
active contour method 1s used to create a second binary
mask and wherein the second binary mask 1s combined
with the binary mask image.

17. The method of claim 10, wherein morphological
processing includes image dilation, followed by filling inte-
rior gaps, removing connected objects on follicle border,
croding the 1image, and removing small regions.

18. A method of real-time ovarian follicular detection in
a subject, comprising;:

a) obtaining ovarian ultrasound images of the subject’s

ovarian follicles using an ultrasound device,

b) analyzing the ovarian ultrasound images with a seg-
mentation algorithm to produce a fully annotated ultra-
sound 1mage without manual input to allow for real-
time ovarian follicular detection,

wherein the algorithm involves analysis of the ovarian
ultrasound 1mages, by at least one processor, by pro-
ducing a grayscale intensity image, producing a com-
pressed 1mage from the grayscale image, applying an
anisotropic diflusion scheme for multiplicative speckle
to reduce the speckle noise of the compressed 1mage,
rescaling and thresholding the compressed 1mage to
obtain a binary mask image, and performing morpho-
logical processing on the binary mask to obtain a
morphologically processed mask, wherein when the
ovarian ultrasound 1mages that are not very dark, the
ovarian ultrasound images and the morphologically
processed mask are mputted to a distance regularized
level set evolution formulation, wherein the morpho-
logically processed mask 1s an 1nitial level set Tunction
to be updated by level set evolution, and wherein the
obtained updated level set function after level set
evolution 1s converted to a binary 1mage.

19. The method of claim 18, wherein the level set evo-
lution 1s derived as a gradient tlow that minimizes an energy
functional with a distance regularization term and an exter-
nal energy that drives motion of a zero level set toward
desired locations.

20. The method of claim 19, wherein the distance regu-
larization term has a double-well potential function which
forces the gradient magnitude of the level set function a
minimum point.

21. A method of real-time ovarian follicular detection 1n
a subject, comprising;:

a) obtaining ovarian ultrasound images of the subject’s

ovarian follicles using an ultrasound device,

b) analyzing the ovarian ultrasound images with a seg-
mentation algorithm to produce a fully annotated ultra-
sound 1mage without manual input to allow for real-
time ovarian follicular detection,

wherein the algorithm involves analysis of the ovarian
ultrasound 1mages, by at least one processor, by pro-
ducing a grayscale intensity image, producing a com-
pressed 1mage from the grayscale image, applying an
anisotropic diffusion scheme for multiplicative speckle
to reduce the speckle noise of the compressed 1mage,
rescaling and thresholding the compressed image to
obtain a binary mask image, and performing morpho-
logical processing on the binary mask to obtain a
morphologically processed mask, further comprising
distance transforming white areas having area thresh-
old properties 1n the binary image mask using a Cheby-
shev distance transform to perform watershed segmen-
tation and produce an output, wherein the pixels having
highest gradient magnitude 1ntensities represent follicle
region boundaries and gradient of an 1image tlows along
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a path to finally reach a local minimum which repre-
sents a segment and wherein the output of the water-
shed segmentation and the white areas in the binary
image mask that are less than the area threshold prop-
erties are combined to generate a watershed segmented
binary 1image.

22. The method of claim 1, wherein the subject has a
reproductive condition or does not have a reproductive
condition or infertility but 1s seeking elective fertility treat-
ment for fertility preservation (e.g. oocyte and/or embryo
cryopreservation).

23. The method of claim 22, wherein the reproductive
condition 1s due to infections, cancer, physical damage, or
hormonal 1mbalances.

24. The method of claim 23, wherein the reproductive
condition comprises premature ovarian failure (POF), ovar-
1an torsion, or polycystic ovarian syndrome (PCOS).

25. The method of claim 1, wherein the subject 1s a
non-human animal.

26. An automated follicular detection sonogram system
comprising;

an 1maging sensor for obtaining an ultrasound image,

sequence of ultrasound 1mages or ultrasound video of
an ovary ol a subject,

at least one computer-readable storage medium storing

computer-executable instructions that, when executed,
perform a method for automatic detection of ovarian
follicles by analyzing an ultrasound 1image, sequence of
ultrasound images or ultrasound video, the method
comprising;

receiving the ultrasound image, sequence of ultrasound

images or ultrasound video obtained from a subject;
determining, measuring and labeling, by at least one
processor, individual follicles within the ultrasound
image, sequence ol ultrasound images or ultrasound
video, wherein the individual follicles are differentiated
from adjacent follicles, wherein the individual follicles
are determined, measured and labeled by converting
the ultrasound 1mage, sequence of ultrasound 1mages or
ultrasound video to a grayscale intensity 1image, com-
pressing the grayscale intensity image using a singular
value decomposition to form a compressed 1mage,
reducing speckle noise of the compressed image to
produce a reduced noise 1mage, processing the reduced
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noise 1mage to produce a binary mask image, performs-
ing morphological processing on the binary mask
image to obtain a morphologically processed mask, and
labeling and measuring follicles 1maged within the
morphologically processed mask to produce a fully
annotated ultrasound 1mage, images or video, wherein
when areas that are close to the follicle border are
lighter than areas of the follicle further away from the
follicle border an active contour method 1s used to
create a second binary mask and wherein the second
binary mask 1s combined with the binary mask image
and

performing automatic detection of ovarian follicles at
least 1n part by analyzing at least the fully annotated
ultrasound image, 1images or video without manual
input.

27. An automated follicular detection sonogram system

comprising:

an 1maging sensor for obtaiming an ultrasound image,
sequence of ultrasound 1mages or ultrasound video of
an ovary of a subject, wherein the ovarian ultrasound
images are obtained with a segmentation algorithm to
produce a fully annotated ultrasound image without
manual mput to allow for real-time ovarian follicular
detection wherein the segmentation algorithm com-
prises hybrid segmentation methods comprising (1) a
time-dependent partial differential equations (PDE)
method for automatic detection of interior contours for
locating follicle boundaries in presence of lighter pixels
at follicle borders, (2) a gradient flow PDE approach for
detecting topological changes, and (3) gradient flow
approach for reaching a local mimimum to differentiate
between the borders of adjacent follicles,

a storage device for storing the ultrasound image,
sequence of ultrasound images or ultrasound video
locally or remotely, and

at least one computer-readable storage medium storing
computer-executable instructions that, when executed,
perform automated detection and measurement of ovar-
ian follicles within the stored ultrasound 1image,
sequence of ultrasound 1mages or ultrasound video to
produce a fully annotated ultrasound 1mage.
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